The performance of a power-control algorithm suitable for multi-mode transceivers is investigated using 1, 2 and 4 bit/symbol modems. It is shown that the algorithm is suitable for maintaining a target frame error rate, irrespective of the modulation mode employed. The transceiver parameters are summarised in In our previous work [16] we contrived an adaptive packetisation and rate-control scheme, which allowed us to maintain a fixed target bitrate at the cost of a time-variant video quality, as in the codecs of Reference [1] . This fixed-rate packetiser was now capable of supporting fixed-rate transmissions, but the codec's high channel error sensitivity persisted due to the high-compression, variable-length coding techniques. Hence we incorporated a binary feedback acknowledgement flag in to our transmission regime, which facilitates for the local and remote reconstruction buffers to remain in synchronous relationship, having the same contents, an issue to be elaborated on at a later stage.
resilient, fixed-rate video codecs of Reference [1] it is possible to provide low-resolution videophone services over these low-rate, constant Baud-rate schemes.
1 . By contrast, the existing standard video codecs, such as the Motion Pictures Expert Group codecs known as MPEG1 [2] and MPEG2 [3] or the ITU's H.263 codec [4] were designed for benign, low error-rate Gaussian wire-line links, where error-sensitive, but high-compression variable-length coding techniques can be invoked. In these standard codecs the time-variant video motion activity and the variable-length coding techniques employed result in a time-variant bitrate fluctuation and a near-constant perceptual video quality. A range of associated video compression aspects were documented for example in recent excellent special issues [5]- [8] .
A vast body of innovative video compression research has been incorporated in the above standard codecs, in particular, in the most recent H.263 scheme [4] . Hence Mermelstein et al at INRS in Canada [9] , Girod et al at Erlangen University in Germany [10, 11] , Pelz at Bosch in Germany [13] , Ngan in Australia [12] , Gharavi at Loughborough University in the UK, etc endeavoured to design appropriate transceivers to overcome the H.263 scheme's inherent limitations and to facilitate interactive videophony using this bandwidth-efficient codec [9] [10] [11] [12] [13] .
In our previous work [16] we contrived an adaptive packetisation and rate-control scheme, which allowed us to maintain a fixed target bitrate at the cost of a time-variant video quality, as in the codecs of Reference [1] . This fixed-rate packetiser was now capable of supporting fixed-rate transmissions, but the codec's high channel error sensitivity persisted due to the high-compression, variable-length coding techniques. Hence we incorporated a binary feedback acknowledgement flag in to our transmission regime, which facilitates for the local and remote reconstruction buffers to remain in synchronous relationship, having the same contents, an issue to be elaborated on at a later stage.
Explicitly, in order to support wireless multimedia services before the arrival of the long-awaited MPEG4 codec standard [8] , either error-resilient fixed-rate proprietory video codecs [1] have to be employed or a rate-control and acknowledgement regime, similar to the adaptive packetisation and re-coding scheme of Reference [16] must be invoked. This bitrate control scheme can instruct the H.263 codec to re-encode a video frame using a more coarse quan-tiser, if the number of bits generated significantly exceeds the 'payload-capacity' of the transmission packet used by the current modem mode. This scheme will be highlighted in more depth in Section 2.
Focusing briefly on the developments in the field of transmission issues, at the time of writing the wireless communications community is working towards the definition of the third generation multimedia personal communications network (PCN), which is referred to as a personal communications system (PCS) in North America. The European Community's Research in Advanced Communications Equipment (RACE) programme [14] and the follow-up framework referred to as Advanced Communications Technologies and Services (ACTS) programme [15, 18] spearheaded these initiatives. At the time of writing four thirdgeneration standardisation proposals have been submitted to the European Telecommunications Standardisation Institute (ETSI) [19] : wideband CDMA [20, 21, 22] , Adaptive TDMA [23] (ATDMA), hybrid TDMA/CDMA [24] , Orthogonal Frequency Division Multiplex (OFDM) [25, 17] and Opportunity Driven Multiple Access (ODMA). We note that the Nokia testbed portrayed in [22] was designed with video transmission capabilities up to 128 kbps in mind. Similarly, cognizance was given to the aspects of less bandwidth-constrained, ie higher-rate video communications by the Japanese wideband CDMA proposal [26] for the Intelligent Mobile Terminal IMT 2000 emerging from NTT DoCoMo. These standardisation activities are portrayed in more depth in [19] .
Motivated by these world-wide trends, in this contribution we set out to contrive an H.263-based [4] pilot-symbol assisted intelligent multi-mode transceiver [17] , which can adapt to time-variant system optimisation criteria under a variety of propagation conditions. The philosophy of our transceiver is congenial to the so-called toolbox-based software radios [27] , where the base-band toolbox algorithms can be invoked on a time-variant basis, in order to accommodate the time-variant channel conditions experienced. These long-term reconfigurable transceiver features were detailed in Reference [16] , hence here only a brief system summary will be provided in the next Section with reference to Tables 1 and 2 . We note however that the system proposed in Reference [16] dispensed with using power control and relied purely on varying the number of modulation levels as a means of adapting to time-variant channel conditions. Burst-by-burst adaptive modems, which support dynamically varied short-term reconfiguration were researched for example by Sampei et al [28, 29] and Goldsmith et al [30, 31] .
By contrast, in this treatise we propose an intelligent, bit-error-rate (BER), BER-gradient and frame error rate (FER) based power control technique, which, in conjunction with the proposed powercontrol algorithm of Figure 6 and Table 4 , can maintain the target transmission FER required by the video source codec for its near-unimpaired operation, irrespective of the modem's instantaneous mode of operation. Owing to the packet acknowledgement and corrupted packet dropping technique used the high-compression, but error-sensitive H.263 video codec experiences no transmission errors and hence it is rendered amenable to wireless videophony.
The outline of the paper is as follows. Section 2 sum- Table 1 : Generic system features of the 200 kHz bandwidth reconfigurable multimode transceiver supporting 9 QCIFresolution video+speech users marises the video transceiver features, leading to the main topic of this contribution, the power control algorithm proposed in Section 3. The power control performance is characterised in Section 4 and its effect on the transceiver's power consumption and interference performance is discussed in Sections 5 and 6, respectively.
VIDEO TRANSCEIVER
The proposed video transceiver is based on the H.263 video codec [4] . The video coded bitstream was protected by binary Bose-Chaudhuri-Hocquenghem (BCH) coding [32] combined with an intelligent multimode Pilot Symbol Assisted (PSA) Quadrature Amplitude Modulation (QAM) modem [17] , which can be configured under network control to operate as a 1, 2 and 4 bits/symbol scheme, while maintaining a constant signalling rate. This allows our system to ensure a constant 200 kHz bandwidth operation, providing a backwards compatible evolutionary path for future intelligent multimode systems, which may replace for example the Global System of Mobile communications, known as GSM [32] , which also has a 200 kHz TDMA channel bandwidth. Here we refrain from detailing the modulation and forward error correction (FEC) aspects of our system due to lack of space and simply summarise the generic system features in Table 1 , while the operational mode specific parameters in Table 2 . Let us now concentrate on the important issues of bitrate control, supporting the constant-bandwidth operation of the transceiver. As with most video codecs using variable-length coding techniques, the bitrate of the H.263 codec is inherently timevariant. However, most existing mobile radio systems transmit at a fixed bitrate. Our proposed multi-mode system maintains a constant signalling rate or symbol rate, leading to a different constant video bitrate for each of the modulation schemes invoked, which are listed in Table 2 . We note furthermore that due to the H.263 scheme's variable-length coding all bits are equally vulnerable to transmission errors. Hence a single-class forward error correction (FEC)scheme was employed for the 2QAM and 4QAM schemes, while in the 16QAM arrangement the modem exhibited two different integrity subclasses, C1 and C2 [17] , but their integrity difference was equalised using two different FEC codes, as Table 2 . The corresponding objective video quality expressed in Peak Signal-to-Noise Ratio (PSNR) versus bitrate performance of the video codec was quantified in Figure 1 and the portrayed relationship plays an important role in the codecs' bitrate control. For our experiments the ITU's 176x144 pixel Quarter Common Intermediate Format (QCIF) was employed in the 8.55 kbps/16.9 kbps 4QAM/16QAM modes, while the 128x96 pixel Sub-QCIF (SQCIF) was invoked in the 4.25 kbps 2QAM mode, using the Miss America (MA) video clip. These graphs suggest that at a given bitrate the grey scale and colour PSNR performances are rather similar, with the grey-scale video PSNR being slightly higher. This is, because colour coding requires the allocation of some bits for conveying the colour information. Note furthermore that the PSNR difference becomes slightly more dominant with increasing bitrates. The low PSNR difference between the grey and colour scenarios suggests that assuming a constant bitrate only a small fraction of the overall bitrate has to be allocated to convey the colour information and therefore the PSNR penalty due to reducing the bitrate and fidelity of the luminance component is minimal. Table 2 .
The bitrate control algorithm modifies the quantiser in the H.263 video codec in order to maintain the required target bitrate, which can be accommodated by the current modem mode at the stipulated fixed signalling rate. In these investigations a fixed framerate of 10 frames/s was employed. The packetiser proposed in Reference [16] supported the system's robust operation by allowing the codec to drop corrupted video packets upto dropping rates of about 5% without significantly impairing the perceived video quality [16] . If this packet dropping rate is not exceeded, the video quality degradation is not objectionable and un-updated video frame areas are updated in consecutive frames, curtailing artifacts.
The typical corresponding subjective video-quality degradation is characterised in Figure 2 in the 16QAM mode, while further associated moving video demonstrations can be found under http://www-mobile.ecs.soton.ac.uk. It is important to emphasize in this context that we attempted to demonstrate a worst-case scenario and again, it turns out from the above mentioned moving video clips posted on the WWW that the 5 % FER is an unobjectionable value, irrespective of the video sequence used. In fact, for 30 frames/s video sequences we found that a higher FER is tolerable, since the frames are refreshed instead of every 100ms, every 33ms. Furthermore, the example of Figure 2 is valid also for other video sequences and for arbitrary FERs, as long as the frame errors are separated by at least one errorfree frame. These claims are also corroborated by Figure 3 , which portrays the corresponding PSNR versus frame index performance, indicating the isolated error event of Figure 2 , where the PSNR curve temporarily caves in at frame 26, when the indicated error occurs. Again, the salient system aspects can be inferred from Table 1 .
In order to demonstrate the video quality degradation inflicted by transmission frame errors, Figure 4 shows the effect of different FERs for various video sequences and modulation modes, including all three modes of operation for the "Miss America" video sequence. Results for the 4QAM mode are also shown for the "Salesman" and "Suzie" video sequences, demonstrating that the PSNR versus FER performance is similar for all three video sequences.
The vitally important one-bit video packet acknowledgement flag is transmitted always strongly error protected and superimposed on the reverse-direction TDD video packet. Hence it has a delay of one TDD frame duration or 20ms. In order to strongly protect the one-bit video packet ac- knowledgement flag we invoked a majority logic (ML) code, which was the strongest available code for the one-bit binary flag to be transmitted. The maximum In-Burst BER the code can cope with can be close to the 50% limit. For example, the ML(31,1,15) code, encoding the flag by repeating it 31 times can correct up to 15 bit errors, ie it can cope with an In-Burst BER of upto 48.4%. This is much better than the correction capability of the identical-length BCH(31,6,7) code. In order to identify the required coding power and the expected FBER performance, for our system, the histogram of In-Burst bit error rates was calculated for our system described in Table 1 . Since the system experienced both Rayleigh fast fading and shadow fading, very high In-Burst BERs can be encountered. The probability of a majority logic code in error was normalised by the probability of occurrence of the given In-Burst BER, which is shown in Figure 5 . In order to ensure virtually error-free feedbacks, we opted for the ML(27,1,13) code in our system. Let us now consider the proposed power control algorithm.
POWER CONTROL
In recent years there has been a great deal of research in the field of transmission power control algorithms. Much has resulted from the need for accurate power control in Code Division Multiple Access (CDMA) based mobile radio systems. However there has also been a substantial amount of research into using power control to reduce the transmitted power requirements and co-channel interference in TDMA systems. Some articles of particular interest are those due, for example, to Zander [33, 34] , Zorzi [35] , Leung [36] , Ariyavisitakul et al [37] , Pichna et al [38] and Lee et al [39] . A power control algorithm needs an accu- [40] . Error rate based power control schemes give a reliable channel quality estimation, but have some limitations. An attractive power control algorithm based on a combination of BER and RSSI estimates was proposed by Chuang and Sollenberger [41] . Also Kumar et al [42] suggested a BER-oriented power control algorithm. Following a literature survey, we concluded that the BER-based power control policy was attractive, but for our video transceiver a more sophisticated, variable-stepsize, BER-gradient oriented power control algorithm was required, which was also capable of supporting multi-mode, constant-FER video transmissions. Hence, in this Section we set out to quantify the benefits of the variable-stepsize assisted, bit error rate (BER), BER-gradient and frame error rate (FER) based power control algorithm of Figure 6 and Table 4 in an interference limited environment, which can maintain the target transmission FER required by the video source codec for its nearunimpaired operation, irrespective of the modem's instantaneous mode of operation. In our algorithm the main channel quality indicator was the frame error flag (FEF). In order for the transmitter to infer, whether a transmission burst was received correctly, an acknowledgement has to be sent from the receiver, superimposed on the next reverse-direction TDD packet, which is associated with a delayed indication of the channel quality. If this delay is too high, the frame error flag may be of little use. This delay is one of the disadvantages of BER-based techniques in comparison to systems that use a RSSI-reading carried out by the receiver in order to set the transmission power. However, RSSI-based channel quality estimates are often misleading due to high levels of co-channel interference.
In our forthcoming discourse we first highlight the rationale behind the proposed power control algorithm and then formalise its description by providing the flow-chart of it, albeit due to space limitations we refrain from detailing the optimisation of its parameters. The true number of bit errors in a transmission burst is only known to the receiver, if the channel coding used has not become overloaded by too many errors. This is true for both convolutional and block codes, although convolutional codes are oblivious of being overloaded, while block codes are capable of detecting these events. Hence block codes are more attractive in this application. Clearly, when the channel coding is overloaded, a frame error (FE) is resulted. For example, in the 2QAM and 4QAM modes of Table 2 we used the binary Bose-Chaudhuri-Hocquenghem BCH(255,171,11) forward error correction (FEC) coding, correcting up to t = 11 errors and if the number of errors is higher than t = 11, then a frame error occurs. Note, however, that the algorithm is generic, irrespective of the FEC code used, as long as the FEC code has a sufficiently reliable error detection capability, an issue that was treated in depth for example in Chapter 4 of Reference [32] .
In addition to the repetition-coded one-bit frame error flag, issues of which will be discussed later, our algorithm uses the parameters of Figure 6 and Table 4 , including the actual number of errors corrected by the channel coding as an additional indicator of channel quality. If the number of errors in the BCH-coded frame is zero, the channel is considered good, and reducing the transmission power should be considered. By contrast, if the number of errors in the frame is higher than the correcting capability of the FEC code, then a frame error has occurred, and increasing the transmission power should be of urgent consideration. However, if the number of errors contained in the BCH-coded frame is correctable by the FEC, there are three possible situations that should be considered. Firstly, if the number of errors is near to the error correction capability of the code, where a frame error would occur, or the number of errors in successive frames has been increasing, then the transmission power should be increased. Secondly, if the number of errors in the frame is low and has been reducing in previous frames, then the power should be reduced. Lastly, when the frame is not error-free, but the errors are correctable by the FEC, it is logical to keep the transmission power constant.
The amount of time to delay an action, before the power control algorithm increases or decreases the power depends on many factors, such as the modulation scheme employed, the channel conditions, the target Frame Error Rate (FER), etc. The power control algorithm proposed in this contribution exhibits a variable stepsize, it is responsive to the BER, the BER-gradient and the FER and has been tested with a power control delay of one TDMA frame or 20ms. Based on the above rationale, the power control algorithm's main features are shown in Table 3 . We used a typical maximum transmission power of 1 Watt, with a dynamic range of 64dB, as in GSM [32] .
The simplified flow-chart of the power control algorithm is shown in Figure 6 , which will be briefly highlighted below. In contrast to previous proposals, our algorithm has a set of variable parameters that can be modified to accommodate varying channel conditions, modulation schemes or other factors. These parameters are summarised in Before transmitting a burts, the receiver infers from the received video packet the number of bit errors corrected or whether the last frame was errorneously received. If there was a frame error, or the number of errors was close to causing a frame error, the frame error counter was incremented. Explicitly, if the number of bit errors in a BCHcoded frame was close to the FEC overload condition, which in the 2QAM and 4QAM modes was t = 11, this event was considered a 'NearFrameError' (NFE) condition, as seen in Table 4 . The parameter 'frame error count' registered the number of frame errors that have occurred in successive frames. When the 'frame error count' is incremented, the 'no error counter' (NEC) is reset, where the 'no error count' was defined as the number of consecutive error-free frames received in a row. When a received video packet did not contain any errors even before FEC was invoked, then the 'no error counter' was incremented, while the 'frame error counter' was reset. The transmission bursts received with a low number of errors, constituting a low proportion of the FEC code's error correction capability, were classified as error free, where the corresponding 'NearErrorFree' threshold of Table 4 was a further optimised algorithmic parameter.
If the previous transmission burst was received with errors, which were corrected by the channel coding, but the number of errors was lower than what would be considered as a 'NearFrameError', although higher than that, which would be classed as a 'NearErrorFree' frame, then the 'frame error counter' and 'no error counters' are reset and the transmission power is left unchanged.
Following a number of successive frame errors, the MS decides to increase the transmission power. The number of erroneous frames, 'IncPowerCount' in Table 4 , which is required to initiate power boosting, is another optimised parameter of the algorithm. Upon powering up, the MS initially starts increasing the power by the smallest stepsize. However, if frame errors continue to occur, the stepsize is increased. The stepsize increase is a function of the frame error counter value, and this function, which we refer to as 'IncPowerStepSize' in Table 4 is a further optimised parameter of the algorithm.
When the MS is informed by the error rate feedback channel that the last N frames have been received errorfreely, the handset decreases the transmission power. The number of error-free frames, 'DecPowCount' in Table 4 , encountered before the handset powers down is yet another optimised parameter of the algorithm. As with powering up, the initial reduction of power is carried out using the smallest stepsize. If, however, after powering down the next few frames are still error-free, then the reduction stepsize is increased. The stepsize increment is governed by the function 'DecPowerStepSize' of Table 4 , which is dependent on the the number of successive error-free frames received. This function is also a fundamental optimised parameter of the algorithm. We note furthermore that the absolute dynamic range of the algorithm is limited by the maximum transmission power of 30 dBm and by the 64 dB dynamic range of the algorithm. In summary, the parameters that govern the behaviour of the power control algorithm are shown in Table 4 , while its operation is summarised in the flow-chart of Figure 6 . Further details of its inner workings can be inferred by referring to the flow-chart. In the next Section let us now briefly characterise the performance of the power control algorithm.
PERFORMANCE OF MULTI-MODE POWER CONTROL
The proposed multimode video transceiver of Table 1 using our power control algorithm was simulated and the worstcase scenario of a single interfer was employed in order to generate co-channel interference. The transmission frame error rate (FER) averaged over the set of users for any given location versus user distance and interferer distance from the base station (BS) is shown in Figure 7 , when using 4-QAM and no power control. Since our H.263-based video transceiver exhibited a near-unimpaired perceptual video quality at a transmission FER of 5 %, it was programed to operate at this FER. Nonetheless, the system is sufficiently flexible to operate at any arbitrary FER. Decreasing the tolerable FER requires, however, an increased transmitted power or channel SNR and vice versa, as evi- Table 1 . The Figure also shows the feedback error rate (FBER) versus channel SNR relationship, demonstrating again that at a given channel SNR the FBER is typically 1.5 oders of magnitude lower than the FER. When feedback errors do occur, which is fairly infrequent, the effect of these can be removed during the next INTRA-frame transmission, or during the INTRA-update of the macroblocks affected. The rate at which these INTRAupdates occur is dependent on the additional robustness required. However, the more frequent the INTRA-updates, the lower the video quality, since the INTRA-blocks use up a larger fraction of the available bitrate.
Following these arguments, we configured the power control scheme to maintain this 5 % target FER. Given the transceiver parameters used in this experiment, without power control the FER is lower than 5 % over most of the cell area, but it is above this threshold for the worst-case combinations of user and interferer distances, as demonstrated by Figure 7 . Observe also that when the interferer is at a distance of +200 m from its BS and hence the farthest from the serving BS, a maximum of 5 % FER is maintained for all user distances within the cell. By contrast, for an interferer distance of -200 m, when the interferer is closest to the serving BS, the maximum acceptable user distance is about 140 m. In other words, over the majority of the cell a better than required FER is maintained at the cost of a high transmitted power, while in certain cell areas the FER performance is inadequate.
In Figures 8(a) and 8(b) we displayed two operational scenarios, as snap-shot examples for the best and worst case situations, in which the power-control scheme was used. We note, however that these examples cannot be used to judge the quality of the power control on a statistical basis. A more pertinent power control quality assessment can be inferred from Figures 10 and 11 . The 2QAM mode was used and the best case was, when the interferer was as far from the serving BS, as possible, ie at +200 m from its own BS, while the user was as close to its serving BSs, as possible, ie at 0 m. By contrast, the worst case is when they are both at the edge of their cells, with the interferer in its own cell, but as close to the serving BS, as possible. Explicitly, Figures 8(a) and 8(b) display the power-controlled transmission power, slow fading envelope, the signal-tointerference+noise-ratio (SINR) averaged over a timeslot and the Frame Error Flag (FEF) as a function of time for the best and worst case interferer and user positions, respectively. We note that for the sake of improved visibility the slow-fading envelope was shifted in the Figures. Observe that in the best-case situation the transmitted power is close to its minimum of -34 dBm, while the worst-case example requires a substantially increased transmitted power. The worst-case example of Figure 8(b) demonstrates, how the power control attempts to compensate, after a one-frame latency, for degrading SINR values. Notice furthermore in the Figures how the densely co-located FEFs indicate, when for example a rapid power boost is required to compensate for a deep fade.
Let us now characterise the power control error of our algorithm in more relevant statistical terms. This error term is defined as the difference between the actual transmitted power, and the minimum required transmission power, where we assume that the minimum required power is equal to the inverse of the slow fading of the channel. In reality the required power will be always higher than the minimum value computed this way, in order to cope with the effects of fast-fading and interference. Accordingly, the histograms of the difference between the transmitted power and the inverse of the slow fading of the channel were calculated for vehicular speeds of 3, 14, 28, and 56mph, which are shown in Figure 11 . A positive power control error indicates an excess of transmission power, while a negative power control error indicates that the transmission power was less than the minimum required power. The power control algorithm is weighted towards increasing the transmission power, in order to maintain a low frame error rate (FER), therefore the mean power control error is always greater than zero. Accordingly, as seen in Figure 10 for 2QAM, the power control scheme achieves a near-constant transmission frame error rate over the geographic area of the cell, which implies a near-unimpaired video quality. Observe in the Figure  that in the extreme vicinity of the BS in the 2QAM mode the power could not be reduced below the 30-64=-34 dBm minimum level, which resulted in a reduced FER. In case of 4QAM and 16QAM, however, which are not shown in the Figure, this phenomenon was less pronounced. Figure 12 shows the system's FER performance for the 2QAM, 4QAM and 16QAM modes of operation. These curves were obtained for the worst-case interferer offset of -200m in Figure 10 and in the corresponding simulations for 4QAM. A conclusion of the above findings was that the proposed BER-based power-control algorithm was capable of assisting in different modulation schemes. Although for 2QAM the power control seem to actually degrade the FER performance, we will show that maintaining the required target FER allows the portables to operate at significantly reduced transmitted power and battery consumption. 
AVERAGE TRANSMITTED POWER
When there is no power control, the average transmitted power is identical to the fixed power of each portable. When using power control, the average transmitted power required for maintaining an FER of 5% and hence un-impaired video quality, varies within the cell, and depends also on the modulation mode used. The corresponding simulation results are shown in Figure 13 for 2QAM and 16QAM, respectively.
Explicitly, these Figures demonstrate, how the average required transmitted power varies with user and interferer distances from their respective basestations, where averaging was carried out over the set of users at all locations within the cell. As expected, the average required transmitted power increases, when users move away from their basestation, but the position of the interferer also has an effect. It should be noted that the maximum average power is less than 30dBm, the power that we used for the fixed power simulations. We note furthermore that the position of the interferer has more of an effect in conjunction with the less robust scheme, namely 16QAM, where the lowest transmitted power is required, when the interferers are close to their own BSs, transmitting also at low powers. The average transmitted power required for maintaining an FER of 5% and hence near-unimpaired video quality, versus user distance from the BS for interferer offsets of +200 and -200 metres are plotted for the 2QAM, 4QAM and 16QAM modes of operation in Figure 14 . It was found from this Figure that the average power Pav in terms of user distance could be modelled using Equation 1:
where d is the user distance from the basestation and β is an offset, dependent on the modulation scheme and interferer position. As expected, the 35·log 10 (d) term in the Equation is due to the inverse 3.5 power-law, which we used as our pathloss model. Here we introduce the geographically averaged MS transmit power consumption in the cell, as a performance metric, 
This Equation implies that the average MS transmission power in the cell -where averaging is carried out over the set of all MSs -is 7.6dB less than the average required power used by a user at the edge of the cell, where averaging in this sense is over the set of users at any given location, provided that the users have a uniform geographical distribution. In case of a linear 35 dB/decade pathloss power-law model this is equivalent to the average power of a user at a distance of 0.61 × R from his BS. Using the offset β found from Figure 14 , the geographically averaged MS transmission power in the cell is tabulated in Table 5 for the 2QAM, 4QAM and 16QAM modes of our transceiver. Since β is dependent on both the modulation scheme and the interferer position, as shown in Figure 14 , the table includes results for the maximum and minimum average power that can be expected in a cell. The minimum average power occurs, when the interferer is close to its basestation, therefore transmits at a lower power, thereby reducing the amount of co-channel interference it inflicts. The maximum average power occurs, when the interferer is at the edge of its cell and at the closest point to the interfered BS.
In conclusion, it can be seen from the Table that even for the most 'power-thirsty' 16QAM mode the required worstcase average MS power in the cell is about 15 dB less than the maximum allowed transmitted power of 30 dBm used in conjunction with the power controlled scheme. In comparison to the best-case required average MS transmit power the power reduction is about 30 dB. The simulations without power control used a fixed transmission power of 30 dBm for all MSs, and achieved worse performance at the edge of the cells, than the power controlled MSs, as it was shown in Figure 12 . Figure 15 shows the average required transmission power versus FER for the three modes of operation in the worst case, ie for a user at the edge of the serving cell and for a single interferer in a position of the co-channel cell, where it inflicts maximum interference. The Figure allows the trade-offs in terms of required transmission power, FER and modulation mode to be appreciated. A user experiencing too high a FER can increase the transmission power, in order to reduce the FER. Alternatively, the user can switch to a more robust modulation scheme, resulting in a considerable reduction in the FER. A combination of changing to a more robust modulation scheme, and reducing power can maintain the same frame error rate, at the consequential loss of video quality. A range of further interesting system design aspects can be inferred from this Figure by 
SIGNAL-TO-INTERFERENCE PERFORMANCE
In this Section we will show the effect of the proposed power control algorithm on the signal-to-interference ratio (SIR) experienced by the mobiles across the cell area. Figures 16 (a) and 16(b) show the simulated SIR performance without power control for the channel conditions of Table 1 , using slow and fast fading. The effect of the power control algorithm on the SIR is shown in Figures 16(c) and 16(d) . With the power control in use, the position of the user now has little or no effect on the SIR. This is because the users' transmitted power is increased, as they move further away from their serving basestations. As it can be seen from the Figure, the SIR is now mainly dependent on the position of the interferer. Note however that the minimum SIR with power control is not as low, as without power control.
In typical interference limited environments without power control the signal to interference-plus-noise ratio (SINR) is quite similar to the SIR values maintained and hence the geographical SINR distribution is quite similar to that of the SIR, as seen in Figure 16 (a). However, when power control is used, the geographical SINR profile becomes near constant, as shown in Figure 17 . This is expected, since the power control algorithm is attempting to keep the frame error rate constant, which is closely related to the SINR. Figure 16 : Simulated average signal to interference ratio (SIR) with and without power control, versus user and interferer distance from the basestation When possible, the transmitter powers down, which on the average reduces the power consumption and the SIR, but therefore the effect of noise becomes more dominant.
CONCLUSION
The proposed BER-based power control algorithm is capable of maintaining the target FER of the multimode transceiver in any of the modem modes. Depending on the mode used different video bitrates and hence different video qualities are maintained at the cost of different transmitted power requirements. The minimum and maximum required average transmitted power of the various modem modes across the cell was tabulated in Table 5 . Given the video bitrates of 4.25-16.9 kbps in the various modem modes, the corresponding average video PSNRs can be inferred from Figure 1, leading to an approximately 6 dB video PSNR improvement across the various modem modes. This PSNR improvement is achievable in cell areas, where the average transmitted power levels of Table 5 can be maintained. Our future work concentrates on jointly optimising the proposed power control algorithm, video transceiver and an automatic repeat request (ARQ) system in the context of a short frame-length, low-latency wireless local area network, while improving the video quality, robustness and power budget trade-offs.
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